Luminance and chromatic contributions to a hyperacuity task: Isolation by contrast polarity and target separation  by Sun, Hao et al.
Vision Research 56 (2012) 28–37Contents lists available at SciVerse ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresLuminance and chromatic contributions to a hyperacuity task: Isolation
by contrast polarity and target separation
Hao Sun a, Bonnie Cooper a, Barry B. Lee a,b,⇑
a State University of New York, State College of Optometry, NY, USA
bMax Planck Institute for Biophysical Chemistry, Göttingen, Germany
a r t i c l e i n f o a b s t r a c tArticle history:
Received 22 September 2011
Received in revised form 6 January 2012
Available online 27 January 2012
Keywords:
Hyperacuity
Vernier
Contrast
Polarity
Magnocellular
Parvocellular
Luminance
Chromatic0042-6989/$ - see front matter  2012 Elsevier Ltd. A
doi:10.1016/j.visres.2012.01.007
⇑ Corresponding author. Address: Graduate Cente
Optometry, 33W. 42nd St., New York, NY 10036, USA
E-mail address: blee@sunyopt.edu (B.B. Lee).Vernier thresholds are known to be elevated when a target pair has opposite contrast polarity. Polarity
reversal is used to assess the role of luminance and chromatic pathways in hyperacuity performance. Psy-
chophysical hyperacuity thresholds were measured for pairs of gratings of various combinations of lumi-
nance (Lum) and chromatic (Chr) contrast polarities, at different ratios of luminance to chromatic
contrast. With two red–green gratings of matched luminance and chromatic polarity (+Lum+Chr), there
was an elevation of threshold at isoluminance. When both luminance and chromatic polarity were mis-
matched (LumChr), thresholds were substantially elevated under all conditions. With the same lumi-
nance contrast polarity and opposite chromatic polarity (+LumChr) thresholds were only elevated close
to isoluminance; in the reverse condition (Lum+Chr), thresholds were elevated as in the LumChr
condition except close to equiluminance. Similar data were obtained for gratings isolating the
short-wavelength cone mechanism. Further psychophysical measurements assessed the role of target
separation with matched or mismatched contrast polarity; similar results were found for luminance
and chromatic gratings. Comparison physiological data were collected from parafoveal ganglion cells
of the macaque retina. Positional precision of ganglion cell signals was assessed under conditions related
to the psychophysical measurements. On the basis of these combined observations, it is argued that both
magnocellular, parvocellular, and koniocellular pathways have access to cortical positional mechanisms
associated with vernier acuity.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
In a series of studies designed to specify the retinal signals
responsible for the hyperacuities (Lee, Rüttiger, & Sun, 2005; Lee
et al., 1993, 1995; Rüttiger, Lee, & Sun, 2002; Sun, Ruttiger, &
Lee, 2004), the parasol ganglion cells of the magnocellular (MC)
pathway were shown to respond with the necessary spatial preci-
sion and with suitable properties (e.g., as a function of drift velocity
(Rüttiger, Lee, & Sun, 2002)) to support psychophysical perfor-
mance with achromatic targets. The situation with chromatic
patterns is less clear. Morgan and Aiba (1985) ﬁrst demonstrated
that vernier acuity is degraded with equiluminant patterns. In an
attempt to unify data over a large parameter space (including chro-
maticity), Krauskopf and Farell (1991) proposed that all vernier
thresholds with chromatic and luminance patterns became
comparable when stimulus contrast was normalized to detection
threshold, although careful examination of their data reveal some
deviations from this rule. In combined physiological andll rights reserved.
r for Vision Research, SUNY
. Fax: +1 212 938 5796.psychophysical studies (Rüttiger & Lee, 2000; Sun, Lee, & Rüttiger,
2003), it was shown that with chromatic targets superimposed on
chromatic backgrounds, hyperacuity thresholds were closely
related to luminance contrast, rather than to detection threshold,
which varied widely (in luminance contrast) with the different col-
ored targets on different colored backgrounds. It was hypothesized
that although detection may take place through chromatic chan-
nels, a luminance mechanism dominated psychophysical vernier
performance under these conditions. However, the data of
Krauskopf and Farell (1991; Krauskopf & Forte, 2002) certainly
suggest chromatic mechanisms can support vernier judgements.
Lastly, the critical duration for vernier with both achromatic and
chromatic targets is ca. 50–100 ms (Sun & Lee, 2004), which is
similar to the critical duration for detection of luminance but much
shorter than that for chromatic targets (e.g., Swanson et al., 1987).
Vernier thresholds increase if members of the target pair have
opposite contrast polarity (Levi & Waugh, 1996; Levi &
Westheimer, 1987; Mather & Morgan, 1986; O’Shea & Mitchell,
1990). For example, the vernier threshold for aligning a bright bar
with a dark bar is much higher than for aligning either two bright
bars or two dark bars. However, if separation of the targets is
increased, thresholds become similar (Levi & Klein, 1990; Levi &
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gets of opposite contrast polarity and/or large separation, ‘local
sign’ was used as a vernier cue (i.e., some feature of each stimulus
is used as a position cue independent of the features’ properties),
while with targets of the same polarity close together a local ﬁlter
operation was involved (i.e., some linear ﬁlter, such as an orienta-
tion detector, is involved, and then stimulus properties will affect
the ﬁlter’s response).
We have used contrast polarity as a tool to isolate the contribu-
tion of luminance and chromatic signals to vernier performance.
Most contrast polarity experiments have used edge or bar targets,
but here we use gratings; there is a considerable literature using
gratings on hyperacuity tasks (e.g., Levi, 1996). With chromatic
patterns, use of gratings (rather than edged patterns) avoids possi-
ble problems with chromatic aberration, as long as the spatial fre-
quency is not too high.
Hyperacuity judgements were made with gratings with lumi-
nance and/or chromatic contrast. Examples of the stimuli used
are shown in Fig. 1. In each of four conditions, the relative modu-
lations of the red and green guns were changed so that the stimuli
had only achromatic contrast (top panels), only chromatic contrast
(isoluminance; lower panels) or both (middle panels). In Fig. 1A,
both achromatic and chromatic contrast are matched in polarity.
In Fig. 1B, both achromatic and chromatic contrast are of opposite
polarity. Finally (Fig. 1C and D), mixed conditions are shown. The
mismatch of achromatic and chromatic polarities is seen in the
middle panels; when the red/green gun ratios were such that only
luminance or chromatic contrast was present, then the conditions
in the upper and lower panels revert to those seen in Fig. 1A and B.
Observers were instructed to align the pairs of gratings either in or
out-of-phase, or based on the luminance or chromatic cue.
If luminance contrast was present, its polarity was found to be a
strong determinant of hyperacuity thresholds, even if chromatic
contrast was present; however, at and near equiluminance, chro-
matic contrast polarity became a determining factor. For both
luminance and chromatic gratings, contrast polarity became unim-Fig. 1. A selection of stimulus conﬁgurations. (A) Pairs of gratings aligned in both lumin
relative modulation of the red and green guns. The upper panel shows maximum luminan
intermediate modulation of the red and green guns. (B) Pairs of gratings of mismatched a
Grating pairs in which either luminance or chromatic contrast is matched, and the otheportant at large target separations. The psychophysical observa-
tions were also related to physiological measurements. The
results are consistent with both luminance and chromatic mecha-
nisms having access to the spatial mechanisms responsible for ver-
nier acuity (rather than, for example, chromatic judgements being
dependent on local sign), although the latter deliver less positional
precision, as might be suggested by the lower psychophysical acu-
ity for chromatic gratings (Mullen, 1985).2. Methods
2.1. Psychophysics: stimuli
Visual stimuli were generated via a VSG series 2/5 graphic con-
troller (Cambridge Research Systems, UK) controlled by a PC com-
puter (Gateway E6500) and presented on a CRT monitor (SONY
CPG520, frame rate 100 Hz) 0.48 m from the eye. There was a small
cross in the center of the display for ﬁxation. The hyperacuity stim-
ulus consisted of a pair of horizontal gratings (usually 0.4 cycles
per degree), each 5  25, separated horizontally by a gap. Fig. 1
shows some examples of the pairs of gratings used; the ﬁxation
point has not been included. The grating pair was randomly drifted
upward or downward at 2 Hz for 120 ms, with a 10-ms raised co-
sine onset and offset contrast envelope to reduce transients at the
beginning or end of the presentation. Mean luminance was 25 cd/
m2 and between trials the gratings were replaced by a background
of the same mean luminance and chromaticity.2.2. Psychophysics: observers
Five observers participated in the experiments, the three
authors, and ZXY and MJ as naive observers. All observers except
for BBL have normal color vision as assessed with the Neitz
Anomaloscope, Ishihara pseudoisochromatic plates and
Farnsworth-Munsell 100-Hue Test. Observers HS and BC woreance and chromatic contrast, which are manipulated in each panel by changing the
ce contrast, the lower panel the equal luminance condition, and the middle panel an
chromatic and chromatic contrast, again with different gun modulations. (C and D)
r mismatched.
30 H. Sun et al. / Vision Research 56 (2012) 28–37correction as required. Observer BBL is a single gene deuteranope
and was used to isolate chromatic mechanisms based on the S-
cone pathway. Observers ZXY and MJ provided informed written
consent according to a protocol conforming to the Declaration of
Helsinki and approved by the SUNY State College of Optometry
Institutional Review Board. Partial sets of data from three other
observers were consistent with those presented here.
2.3. Psychophysics: procedure
Each observer ﬁrst set an equiluminance point between the red
and green (or between the red and blue for observer BBL) guns
using the minimal motion technique (Anstis & Cavanagh, 1983).
A horizontal grating of the same dimensions as the hyperacuity
targets was used. Observers minimized the motion of the grating
by changing the modulation depth of the green gun, and repeated
this estimate 10 times. The mean value was used to deﬁne equilu-
minant red–green (or blue–yellow) gratings for each observer.
Observers viewed the screen monocularly and pressed buttons
to initiate each trial. The task was to indicate with a button press
which grating was presented with a vertically higher shift in phase
in comparison to the other (irrespective of movement direction).
Observers were instructed to make the judgement based on the
luminance cue or the chromatic cue, or to use an in- or out-of-phase
criterion, as appropriate. Observers rapidly learned to attend to the
appropriate cue; the ﬁrst experimental session for each observer
was used to accustom them to attend to the relevant cues and data
were discarded. In the contrast polarity experiment, the grating
separation was ﬁxed at 0.1 (foveal viewing). Because physiological
recordings were obtained in the parafovea, psychophysical perfor-
mance for some observers was obtained for viewing conditions in
the parafovea. For these conditions, the pairs of gratings were pre-
sented centered at random either 5 left or right of the ﬁxation
cross. In the separation experiment, the grating separation was
varied from 0 to 2 symmetric about the ﬁxation cross, i.e., foveal
measurements were obtained.
Hyperacuity thresholds were measured using a randomly inter-
leaved dual-staircase procedure. Asmentioned above, she/he had to
indicate whether the left or right grating was shifted upward in
phase relative to the other based on the cue instruction given (i.e.,
whether luminance and/or chromatic components were to be
aligned in or out of phase). Staircases began well above threshold
so that observers could accustom themselves to align the appropri-
ate cues. A two-down, one-up procedure was used, with a step size
of 0.3 log unit, reduced to 0.15 log unit. Staircases were terminated
after 12 reversals (usually achieved in from 35 to 50 trials) and the
mean of the last seven reversals used as a threshold estimate. With
a dual staircase, this gave two thresholds, and the data shown
represent means of 2–3 repetitions of the dual staircase.
2.4. Physiology: stimulus
Visual stimuli were generated via a VSG series 3 graphic con-
troller (Cambridge Research Systems, UK) controlled by a Mac
computer (Quadra 950) and presented on a CRT monitor 2.26 m
from the eye. Mean luminance of the background was 40 cd/m2
and mean chromaticity was (0.45, 0.47) in CIE x, y coordinates.
The stimuli were 0.4 cpd horizontal sinusoidal gratings drifting
vertically across a cell’s receptive ﬁeld at a speed of 2 Hz. The stim-
ulus was a single grating (4  4) centered on the cell’s receptive
ﬁeld, and the luminance and chromatic contrasts of the grating
was varied by varying the relative modulation of the red and green
guns of the CRT monitor. In separation experiments, two gratings
of various phase offsets and various separations were presented
centered on the cell’s receptive ﬁeld center. In positional offset
experiments, two abutting gratings of various phase offsets (0,90, or 180) were presented at various locations relative to the
cell’s receptive ﬁeld center.2.5. Physiology: procedure
Ganglion cell responses were recorded in vivo from the retinas
of ﬁve macaque monkeys (Macaca fascicularis). The animals were
initially sedated with an intramuscular injection of ketamine
(10 mg/kg). Anesthesia was induced with sodium thiopental
(10 mg/kg) and maintained with inhaled isoﬂurane (0.2–2%) in a
70:30 N2O–O2 mixture. Local anesthetic was applied to points of
surgical intervention. Elecroencephalogram and electrocortico-
gram were monitored continuously to ensure animal health and
adequate depth of anesthesia. Muscle relaxation was maintained
by a constant infusion of gallamine triethiodide (5 mg/kg/h i.v.)
with accompanying dextrose Ringer solution (5 ml/kg/h). Body
temperature was kept close to 37.5. End tidal CO2 was adjusted
to close to 4% by adjusting the rate of respiration. Procedures
conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the SUNY
State College of Optometry Institutional Animal Care and Use
Committee.
Neuronal activity was recorded directly from retinal ganglion
cells by an electrode inserted through a cannula entering the eye
behind the limbus. The eye was sutured to a ring, which minimized
eye movements. During each condition of measurement, any resid-
ual systematic drifts of response position could be identiﬁed
through the analysis technique. Occasional systematic drifts of 1–
2 arc min were found, and we assumed them to be due to residual
eye movements. These data were discarded. Gas-permeable con-
tact lens of the appropriate power was used to bring stimuli into
focus on the retina.
Responses of macaque retinal ganglion cells were recorded be-
tween 4 and 8 eccentricity. Cell identiﬁcation was achieved
through standard tests (Lee, Martin, & Valberg, 1989a). These in-
cluded achromatic contrast sensitivity and responses to lights of
different chromaticity. Additional tests (e.g., measuring responses
to heterochromatically modulated lights (Smith et al., 1992) were
employed in cases when identiﬁcation was uncertain. For each cell,
the locus of the receptive ﬁeld center was determined and the
stimulus movement was centered around this point. Cell responses
were recorded to stimuli as described in the previous section.
Times of spike occurrence were recorded to an accuracy of
0.1 ms and averaged histograms were simultaneously accumu-
lated. Cycle-by-cycle Fourier analysis of the histograms were car-
ried out and 1st and 2nd harmonic response amplitude and
phase were calculated.3. Results
3.1. Psychophysics – contrast polarity
Hyperacuity thresholds were measured for grating pairs of var-
ious luminance and chromatic contrasts and different combina-
tions of contrast polarities as was sketched in Fig. 1. Data from
three observers are shown in Fig. 2. For each condition, the relative
modulation depths of the guns was varied so as to give pure lumi-
nance gratings (luminance contrasts +1 and 1, at either end of the
x axes), isoluminant chromatic gratings (midpoint on x axis) and
intermediate grating conditions in which both luminance and
chromatic content were present. In the top row of plots, luminance
and chromatic contrasts were both matched in polarity. The
instruction was either to match the relative positions of the
gratings for in phase (+Lum+Chr) or out of phase (LumChr)
conditions, as sketched in Fig. 1A and B. In the lower row of plots,
Fig. 2. Hyperacuity thresholds for gratings of the same luminance and chromatic contrast polarities (+Lum/+Chr), opposite luminance and chromatic contrast polarities
(Lum/Chr) are shown in the top row of plots. For the lower plots, the luminance and chromatic contrast polarities were reversed and the observers were instructed to align
either the luminance or chromatic component. (A) Red–green gratings, parafoveal viewing (observer HS). (B) Red–green grating, foveal viewing (observer BC). (C) Blue–red
grating, foveal viewing, deuteranopic observer, foveal viewing (observer BBL). Both luminance and chromatic contrast are labeled on the x-axis.
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and the instruction was to either align the luminance or chromatic
components of the gratings (Fig. 1C; +LumChr and Lum+Chr).
Again, the relative modulation depths of the guns were changed.
Some of the points are identical in different conditions; for exam-
ple, for Lum+Chr at isoluminance the grating is identical to the
+Lum+Chr condition at isoluminance, as was sketched in Fig. 1.
In Fig. 2, the luminance and chromatic contrast for the different
conditions are indicated along the abscissa. Chromatic contrast is
expressed in terms of |L–M| or |S| cone contrast. Hyperacuity
thresholds are expressed in degrees of grating phase. The results
are within the range found in the literature (Levi, 1996). It should
be stressed that these thresholds are expressed in terms of degrees
of grating phase rather than visual angle. In Levi (1996), both met-
rics are given; in the current report we use degrees of grating phase
since this metric makes thresholds less dependent on retinal
eccentricity (Sun, Ruttiger, & Lee, 2004).
Fig. 2A shows results from observer HS with 5 viewing eccen-
tricity, close to the eccentricity of the physiological measurements
described in the next section; Fig. 2B shows results from observer
BC with foveal viewing. Fig. 2C shows foveal measurements for the
deuteranopic observer (BBL) with blue–red gratings; these were
aimed at stimulating S-cone spatial mechanisms for reasons de-
scribed below.
Hyperacuity thresholds for pairs of gratings of the same lumi-
nance and chromatic contrast (+Lum/+Chr) polarities are shown
by the black solid symbols in the upper row of plots. For all observ-
ers, there is an increase in threshold as luminance contrast de-
creases towards equiluminance. These data resemble Morgan and
Aiba’s original observation (Morgan & Aiba, 1985). Hyperacuity
thresholds when observers matched gratings of opposite lumi-
nance and chromatic contrast polarities (Lum/Chr) are shown
in the upper row of plots by the gray shaded symbols. When com-
pared to the conditions with matched luminance and chromaticcontrast polarity, the thresholds for opposite luminance and chro-
matic contrast polarity trials increased under all conditions for all
observers. There is again an increase in threshold at and near
equiluminance for all observers. The magnitude of the threshold
increase is consistent with previous measurements with stimuli
consisting of bars and dots of mixed polarity (Levi & Westheimer,
1987; O’Shea & Mitchell, 1990).
In the lower row of plots, the results for conditions with mixed
luminance and chromatic contrast polarity are shown. When
observers were asked to align the luminance component of the
gratings (+LumChr), in the presence of luminance contrast (gray
shaded squares), thresholds are similar to the luminance/chro-
matic in-phase condition in the upper plots. As the equiluminant
point is approached (luminance contrast 0%), hyperacuity thresh-
olds increased toward the LumChr thresholds in the upper
plots.
When luminance contrast polarity is reversed and chromatic
polarity remained the same (unﬁlled square symbols), the hyper-
acuity thresholds followed theLum/+Chr curve at high luminance
contrasts. At and near equiluminance, grating thresholds become
similar to the +Lum/+Chr condition, and there was a gradual tran-
sition of the hyperacuity threshold from the one curve to the other
as luminance of the gratings was reduced.
It should be stressed that there is no chromatic contrast when
luminance contrast is 1, as was shown in Fig. 1 (upper panels).
We also measured thresholds when the members of the pair of
luminance gratings consisted of red–black and green–black modu-
lation, that is when luminance contrast is 1 but chromatic contrast
is nevertheless inverted (or red–black and blue black for BBL).
Thresholds were very similar to the 100% luminance condition.
Results for foveal viewing for observers DW and ZXY were sim-
ilar to those in Fig. 2A and B. There is some variability between
observers. For observer HS in the +Lum/Chr condition, thresholds
are only elevated above the +Lum/+Chr curve very close to
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contrast reversal caused a broader increase in threshold around
the isoluminance point; the +Lum/Chr thresholds fell above the
+Lum/+Chr curve over a comparatively broader range of luminance
contrast. Data from the deuteranopic observer (BBL) are included
for reasons described below, and show a similar pattern to the
other observers with red–green gratings. The pattern of results in
a set of data obtained at 5 eccentricity from this observer (BBL)
resembled the foveal data. Observer HS also obtained a set of par-
afoveal thresholds with gratings modulated along the tritanopic
confusion line, and the results showed similar pattern as those of
observer BBL.
These results suggest that when luminance contrast is present,
it is important for determining hyperacuity; chromatic contrast
polarity has little effect except close to equiluminance. On the
other hand, at equal luminance, chromatic contrast polarity affects
hyperacuity judgements. We now consider the physiological sig-
nals associated with these positional judgements.
3.2. Physiology – positional accuracy of cell responses at and near
equal luminance
Previous studies have shown that signals from the MC pathway
play an important role in vernier tasks with achromatic moving
bars or gratings (Rüttiger, Lee, & Sun, 2002; Sun, Ruttiger, & Lee,
2004). The results in Fig. 2 suggest that a luminance signal, presum-
ably deriving from the MC pathway, deﬁnes vernier performance
when enough luminance contrast is present. Close to equilumi-
nance, chromatic mechanisms may play a role, or alternatively
the frequency-doubled response in the MC pathway (Lee, Martin,
& Valberg, 1989b; Lee & Sun, 2009)may provide positional informa-
tion. To examine these possibilities we ﬁrst illustrate the fre-
quency-doubled response. It should be stressed that in these
physiological measurements we use only a single grating; the goal
is to determine the positional precision inherent in the ganglion cell
signal, in order to constrain the mechanisms responsible for
psychophysical performance.
We recorded responses from ganglion cells using drifting grat-
ings of mixed luminance and chromatic contrasts as was carried
out in our previously described psychophysical experiments.
Fig. 3 shows histograms of typical MC (Fig. 3A; on-center cell)
and PC cell (Fig. 3B; +L–M cell) responses to gratings (two cycles)
of various luminance and chromatic cone contrasts, as indicated
by the numbers alongside each pair of histograms. The MC cell re-
sponded vigorously to luminance gratings, and the fundamental
response amplitude decreased with luminance contrast to reach
a minimum near equiluminance. However, there is a frequency-
doubled response near and strongest at the equiluminant condi-
tion. The PC cells’ response amplitude is vigorous when there is
chromatic contrast in the grating, with a weak response to a pure
luminance grating. Fig. 3C and D shows amplitudes of 1st and
2nd harmonic components of the responses for the MC cell and
the PC cell respectively; the 2nd harmonic response of the MC cell
near equiluminance represents the frequency-doubled response;
otherwise when there is a large 1st harmonic response, the 2nd
harmonic response represents response shaping due to response
rectiﬁcation or distortions from a sinusoidal shape. These data
are consistent with previous reports (Lee, Martin, & Valberg,
1989b; Lee & Sun, 2009).
Ganglion cell’s impulse trains in response to a drifting grating
vary in phase from cycle to cycle. This variability is a measure of
the reliability of a cell’s spatial signal, and is relevant in the context
of vernier performance. This spatiotemporal variation inherent in a
cell’s signal can be estimated using a cycle-to-cycle Fourier analy-
sis and the variability in response phase can be calculated using
angular standard deviation (Sun, Ruttiger, & Lee, 2004). Fig. 4shows the averaged angular standard deviation of 1st harmonic re-
sponse phases for MC and PC cells to gratings with different lumi-
nance and chromatic contrasts, using a similar convention to
earlier ﬁgures. The x-axis represents the luminance or chromatic
contrast of each grating. The angular standard deviation of the
MC cells’ 1st harmonic responses increases steeply close to equilu-
minance, i.e. the positional accuracy of the signal decreases. The
angular standard deviation for P cells is low at and around equilu-
minance, with little variation, but is high for luminance gratings.
This suggests that response of MC cells can provide precise spatio-
temporal information to gratings of luminance contrast, but the 1st
harmonic does not deliver reliable spatial information for the
equiluminant conditions. The positional variability of the PC cell
response near and at equiluminance shows considerably lower
angular standard deviation than the MC 1st harmonic response,
and therefore the responses of PC cells can provide precise infor-
mation for chromatic gratings, but not for luminance gratings.
However, this analysis of angular standard deviation only uti-
lizes spatiotemporal information contained in the 1st harmonic,
but does not utilize information contained in the 2nd or higher har-
monic responses. To analyze the spatiotemporal information deliv-
ered by MC cells’ frequency-doubled responses, we reanalyzed the
data using a template-matching method, as described in Rüttiger,
Lee, and Sun (2002). Brieﬂy, a response template is generated by
smoothing the response histogram, which is an averaged response
overmany cycles, and then each individual spike train (i.e. response
to a single stimulus cycle) is cross-correlated with the template to
ﬁnd a best matching locus. Variation of the best matching loci
across all response cycles gives an indication of the cycle-to-cycle
spatiotemporal response variation; one might hypothesize that
central mechanisms make use of such information.
Results of analysis using the template-matching method are
also shown in Fig. 4. The standard deviation of the matching loci
remains lower for MC cells around equiluminance compared to
the 1st harmonic analysis, with only a minor peak. For PC cells data
the two analysis methods are similar, as might be expected if the
1st harmonic component dominates the response. This suggests
that if the frequency-doubled response is taken into account, MC
cells can provide psychophysically useful spatiotemporal informa-
tion for hyperacuity around equiluminance with red–green
gratings.
However, the following arguments are against the hypothesis
that this information can be used for hyperacuity. The frequency-
doubled response of MC cells is thought to require chromatic input
from the red–green opponent channel (Lee & Sun, 2009). This is not
present for stimuli isolating the S-cone mechanism, which is miss-
ing in the deuteranopic observer; this observer showed a similar
pattern of psychophysical results as the color normal observer
(Fig. 2C), as did another observer tested with stimuli aimed at
isolating the S-cone at equiluminance. This argues against the
frequency-doubled response hypothesis. Also, psychophysical per-
formance based on a frequency-doubled response should not be af-
fected by polarity reversal, since there are two response peaks per
cycle. These considerations argue against the frequency-doubled
response hypothesis and further suggest that chromatic mecha-
nisms have direct access to vernier mechanisms (see Section 4).
3.3. Effect of target separation: psychophysics
Others have shown that for targets of the same luminance
contrast polarity, vernier thresholds increase steadily with target
separation. If luminance contrast polarity is mismatched, vernier
thresholds are higher at low target separation. As target separation
is increased, vernier thresholds for the matched and mismatched
polarity conditions converge (Levi & Waugh, 1996; Levi &
Westheimer, 1987; O’Shea & Mitchell, 1990). If operation of local
Fig. 3. Response histograms of a typical on-center MC (A) and a +L–M PC cell (B) and their 1st and 2nd Fourier harmonic amplitudes (C and D) to gratings of various
luminance and chromatic contrasts. Mean cone contrasts are indicated alongside each pair of histograms. A marked 2nd harmonic response is present in the MC cell near
equal luminance. Two cycles of 2 Hz stimulation, 64 bins/cycle. (C and D) First- and second-harmonic amplitudes of the responses of cells in (A and B) as a function of
luminance ratio of the red and green grating components.
Fig. 4. Averaged angular standard deviation of response phases for 18 MC cells and 16 PC cells to gratings of various luminance or chromatic contrasts. The x-axis represents
the luminance or chromatic contrast of each grating. Standard deviations have been calculated in two ways as described in the text.
H. Sun et al. / Vision Research 56 (2012) 28–37 33ﬁlters (rather than ‘local signs’) underlies performance with both
luminance and chromatic gratings, then the effect of separation
should be similar in both cases, and we now test this hypothesis.
Fig. 5 shows the effect of a gap between the luminance and
equiluminance chromatic gratings for two observers. Both observ-
ers viewed the hyperacuity stimuli foveally. The deuteranopic
observer BBL used blue–yellow chromatic gratings that activate
the S-cone mechanism. In both of the matched polarity cases, as
target separation increases, so does hyperacuity threshold,
although thresholds for chromatic gratings tend to be higher. For
opposite polarity, thresholds are higher and stimulus separationhas less effect over the range tested. Results from another
trichromatic observer were similar (BC). These similarities suggest
both luminance and chromatic mechanisms may access hyperacu-
ity mechanisms in a similar way, consistent with some kind of local
ﬁlter at low separation and a local sign mechanism at larger
separation.
3.4. Effect of target separation: physiological analysis
Levi (1996) and others have suggested models for vernier
hyperacuity; one aspect of these models is that linear ﬁlters of
Fig. 5. Hyperacuity thresholds as a function of stimulus separation. Luminance and chromatic in- and out-of-phase conditions are shown. (A) Thresholds of a trichromatic
observer to red–green targets. (B) Thresholds of a deuteranopic observer to blue–yellow targets.
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plain threshold increase with stimulus separation with same-
polarity targets (Wilson, 1986). Vernier thresholds for opposite
polarity conditions may depend on a local sign model, and perfor-
mance based on this cue are not so sensitive to stimulus separa-
tion. In either case, a cortical mechanism must extract positional
information from ganglion cell responses. The physiological con-
text of this situation has yet to been addressed. Here we brieﬂy
consider the effect of target separation on ganglion cell responses,
and some of the constraints imposed by noise in neuronal
responses on vernier detection. Our goal is not to provide a
comprehensive model, but to draw into focus some physiological
properties that vernier models might incorporate.
We recorded responses from MC and PC ganglion cells to a pair
of drifting gratings with various separations. The stimulus was al-
ways centered on the cell’s receptive ﬁeld, and the separation be-
tween the grating pair was varied from 0 to 120 arc min of visual
angle for each of four phase offset conditions. Fig. 6A shows
sketches of stimulus conditions as well as the response amplitude
and phase of a typical off-center MC ganglion cell recorded in the
parafovea. The x-axis represents separation between the grating
pair in arc min visual angle. Different symbols represent grating
pairs of different phase offset. For grating pairs of small phase off-
sets (0 and 22.5), the ganglion cell gave vigorous responses at
small stimulus separation, and the response amplitude decreased
rapidly when separation increased, and the grating no longer cov-
ered the receptive ﬁeld center. When separation exceeded the
cell’s receptive center but still stimulated the receptive ﬁeld sur-
round (20–40 arc min), there is a 180 phase reversal of response
and the response amplitudes are plotted as negative values. When
the grating phase offset increased from 0 to 90, the ganglion cell
response amplitude decreased and response phase shifted. When
the grating phase offset was 180 out-of-phase, the ganglion cell
showed little response because responses to each half of the stim-
ulus were out-of-phase and hence cancelled one another. The solid
curves represent the ﬁt of a difference-of-Gaussians receptive ﬁeld
model. Parameters are given in the ﬁgure legend; they are in the
range found in the literature for this eccentricity. Similar responses
were obtained from 8 other MC cells, both on and off center.
Responses of PC cells were weak to luminance gratings, but were
vigorous to red–green chromatic gratings, to which a similar pat-
tern of responses were observed as in Fig. 6.
In terms of the psychophysical separation experiments of Fig. 5,
inputs from a ganglion cell array to a central ﬁlter receiving inputs
will decrease from those cells with receptive ﬁelds within the gap;
it should be noted that although response amplitude may decrease,
noise from these sources will remain similar (Sun, Lee, & Rüttiger,2003). In addition, the phase reversed responses generated by the
surround might be expected to affect the operation of such a cen-
tral ﬁlter. The cells studied were from parafoveal retina, and recep-
tive ﬁeld sizes in the fovea would be smaller. How far the effects
shown in Fig. 6A contribute to psychophysical separation effects
remains to be determined.
With an array of ganglion cells, some receptive ﬁelds are cen-
tered on the stimulus pair, while other receptive ﬁelds are offset
away from this point. We recorded responses from ganglion cells
to a pair of abutting drifting gratings presented at various retinal
locations offset relative to the receptive ﬁeld center. The phase
offsets between the two gratings was either 0, 90, or 180. This
latter case corresponds to the out-of-phase condition in the psy-
chophysical experiments. Fig. 6B shows the response amplitude
of the off-center MC ganglion cell to grating pairs presented at
various locations relative to the cell’s receptive ﬁeld center. For
0 aligned grating pairs, the ganglion cell response amplitude or
phase did not vary with stimulus location; the stimuli are identical
for the ganglion cell. When the phase offset increased to 90, the
curve for ganglion cell response versus displacement from the
receptive ﬁeld center showed a decrease in amplitude and a grad-
ual phase transition. Since the response to each half of the stimulus
partially cancel each other, the response to the other grating seg-
ment is phase shifted. The cancellation was complete for 180 grat-
ing pairs. Similar data were obtained for seven other MC cells and
for six PC cells with chromatic gratings. All showed similar behav-
ior describable with a linear model. These results suggest that MC
cell behavior to be consistent with a linear difference-of-Gaussians
model and the model again ﬁts the data satisfactorily. This argues
against any Y-like non-linearities inﬂuencing the spatial position
signal (Crook et al., 2008).
Under most in-phase conditions, psychophysical vernier
thresholds are just a few degrees of grating phase. Fig. 6 shows
that with such small phase offset, variation in ganglion cell’s re-
sponse amplitude is small, and information contained in response
phase must be critical in a vernier context. We have previously
reported positional precision of MC ganglion cell responses esti-
mated from cell’s response phase variation in such vernier con-
texts (Sun, Lee, and Rüttiger (2003) and Fig. 5). In Fig. 6, it is
apparent that when there is a gap between a pair of gratings,
and when the gratings are in counterphase (Fig. 6B, 180 condi-
tion), that the responses of ganglion cells over a region of retina
around the grating boundary are decreased or abolished so that
the similarity in the psychophysical results in not unexpected.
However, to use this data as a direct basis for a vernier model in-
volves further considerations, and some of these are taken up in
Section 4.
Fig. 6. Response amplitudes (top panels) and phases (bottom panels) of an off-center MC ganglion cell to grating pairs of various separation (left panels) or various location
(right panels). Different symbols represent grating pairs of different phase. The two grating pair was always centered on the cell’s receptive ﬁeld in (A) and they are always
abutting in (B). Lines represent the ﬁt of a difference-of-Gaussians receptive ﬁeld model, with center radius 6.8 arc min, surround radius 45 arc min, and surround weighting
factor 0.075. The negative response amplitude represent the shift of response phase.
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Recently there has been considerable emphasis on spatial mech-
anisms that utilize chromatic information (see Shevell and Kingdom
(2008) for review), but vernier performancewith chromatic mecha-
nismshas received less attention.One obvious hazard in such exper-
iments is that small, sharp-edged equiluminant targets are likely to
be subject to luminance artifacts due to chromatic aberration. Such
artifacts with red–green targets are obvious to dichromatic observ-
ers (Rüttiger& Lee, 2000). Theuse ofGaussianorGaborproﬁles (Kra-
uskopf & Farell, 1991) or sinewave gratings, as here, tends to
minimize this problem. Nevertheless, the ﬁrst report of vernier
thresholds with equiluminance targets (Morgan & Aiba, 1985) did
note an increase in vernier threshold at equiluminance.
Krauskopf and Farell (1991) stressed that the cone contrast
available with equiluminant patterns is less than with luminance
patterns, and showed that after contrast was normalized to detec-
tion threshold, hyperacuity thresholds with Gaussian or Gabor tar-
gets were similar along all three cardinal directions in color space.
However, examination of their data indicate that hyperacuity
thresholds for luminance targets are lower than for chromatic tar-
gets at high spatial frequencies, especially for Gaussian proﬁles.
These authors stressed the role of cone contrast and discounted a
differential role for post-receptoral retinal mechanisms in this
and a subsequent study (Krauskopf & Forte, 2002).
Evidence against the cone-contrast hypothesis was obtained
when hyperacuity targets were presented on chromatic back-
grounds (Rüttiger & Lee, 2000; Sun, Lee, & Rüttiger, 2003). For
example, detection thresholds for blue targets superimposed over
red backgrounds are very low in terms of luminance contrast
(<0.5%), but under all chromatic and achromatic conditions hyper-
acuity thresholds were primarily luminance-contrast related. Thiswas interpreted as the detection of the blue-on-red target being
mediated by a chromatic mechanism (e.g., based on S cones), but
hyperacuity by a luminance mechanism. Similar results were
found with, for example, red targets on green backgrounds.
Observers reported that low-contrast chromatic targets (e.g., red
edges on a blue background) were detectable but their edges indis-
tinct. This does not establish that chromatic channels do not have
access to hyperacuity mechanisms; it only indicates that post-
receptoral processing cannot be neglected.
The data presented here suggest a more nuanced interpretation.
The results in Fig. 2 indicate an elevation of hyperacuity thresholds
at equiluminance for the in-phase condition. Normalization to
detection threshold (not shown) did not resolve this discrepancy.
The out-of-phase condition results in a general elevation of thresh-
old. When luminance contrast is present, the polarity of chromatic
contrast does not inﬂuence thresholds except close to equilumi-
nance,when it does become an important determinant of threshold.
The simplest explanation of these results is that both luminance and
chromatic channels have access to hyperacuity mechanisms, and
the most responsive of them governs performance.
We have used grating targets rather than the bars and edges
conventional in vernier experiments. Grating targets avoid chro-
matic aberration artifacts with equiluminant bars or edges. It re-
mains to be shown if similar results may be obtained with more
conventional vernier targets.
The presence of the frequency-doubled response to red–green
modulation in MC cells complicates this interpretation. It has been
suggested that this response may contribute to residual distinct-
ness of equiluminant borders in the minimally distinct border task
(Kaiser et al., 1990; Valberg et al., 1992) and the perception of
movement of equiluminant patterns (Lee & Sun, 2009). The results
in Fig. 5 suggest that spatial information could be derived from
Fig. 7. Central ﬁlters that receive input from different numbers of ganglion cells. The solid black lines represent a pair of vernier stimuli with a small offset. The circles
represent ganglion cells’ receptive ﬁeld centers. The gray, dashed lines indicate orientations of cortical ﬁlters that give the best response. Top panels show abutting vernier
stimuli, and the bottom panels show vernier stimuli with 6-arc min separation.
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doubled response might not be affected by polarity reversal of a
red–green grating, since this non-linear response is an unsigned
chromatic signal (Dobkins & Albright, 1993, 1994). Also, insofar
as hyperacuity mechanisms involve linear ﬁlters derived from both
on- and off-center cells, their function might be disrupted by such
a non-linear response. It should be noted that, in the frequency-
doubled response, on- and off-center MC cells respond in phase
with each other to a chromatic grating, but at twice the grating
spatial frequency. However, they respond out-of-phase with each
other to a luminance grating with double the spatial frequency.
Lastly, the pattern of psychophysical results was similar with grat-
ings isolating S-cone mechanisms. There is no frequency-doubled
response to such stimuli. Taken together, these arguments suggest
that chromatic mechanisms do access spatial mechanisms respon-
sible for vernier acuity, although they may deliver a less precise
signal compared to that conveyed by achromatic mechanisms.
Further support for this hypothesis derives from the effect of
target separation. Target separation is known to inﬂuence vernier
thresholds for targets of matched and opposite contrasts in
different ways. This was originally interpreted as indicating that,
with targets of matched contrast, some linear ﬁlter operation
determines vernier thresholds, while with opposite-contrast tar-
gets, ‘local sign’ is used as a cue (Waugh & Levi, 1993). However,
masking experiments (Levi, Klein, & Carney, 2000; Waugh, Levi,
& Carney, 1993) have not been entirely consistent with this inter-
pretation. In any event, in our data the interaction between
contrast polarity and target separation appears similar for both
luminance and chromatic targets, which would suggest a common-
ality in the underlying mechanism. This is in keeping with the fact
that the critical duration for vernier both with luminance and
chromatic targets is similar (Sun & Lee, 2004). Observers reported
that, for both luminance and chromatic gratings, when these were
in phase alignment judgements were made based on the transi-
tions of light to dark or red to green. When they were out of phase,
judgements were made based on estimation of ‘global’ location of
the grating bars.
Target separation will alter the ganglion cell inputs to central
ﬁlters that might be responsible for vernier tasks; those ganglion
cells with receptive ﬁeld centers within the separation gap can
no longer provide a positional signal, as sketched in Fig. 7. Wemea-
sured responses of ganglion cells to pairs of drifting gratings sepa-
rated by small gaps, with the receptive ﬁeld situated at different
loci relative to the gap, and with different phase offsets of the grat-
ings (not shown). Response amplitude and phase changed as
would be expected of a linear receptive ﬁeld model. However, it
proved difﬁcult to relate these data to the psychophysical separa-
tion data in Fig. 6. Psychophysical separation effects occur over a
distance (up to 0.5–1.0) much larger than foveal receptive ﬁeld
centers. The receptive ﬁeld centers of foveal MC cells have a
Gaussian radius of ca. 0.02–0.04 in the macaque (reviewed in
Lee, Martin, and Grünert (2010)), corresponding to a centerdiameter of 6–12 min, which is smaller than dimensions over
which psychophysical separation effects occur.
A central ﬁlter receiving information from 2 or more ganglion
cells has intrinsic orientation speciﬁcity, as in cells in striate cortex.
Ganglion cell response phases show intrinsic variation or noise, so
averaging over more ganglion cells along a contour will produce a
more reliable orientation cue which might be used in hyperacuity
judgements. However, averaging over more cells decreases the ori-
entation cue which might be used as a basis for hyperacuity, as
sketched in Fig. 7. This suggests there may be compromise
between the optimal ﬁlter length and the maximal signal-to-noise
ratio. However, pursuing this approach further is beyond the scope
of this report. The difﬁculties of modeling ﬁlters that might
account for vernier performance led to the suggestion that such
ﬁlters adapt to stimulus conditions (Levi, McGraw, & Klein,
2000), which seems to avoid the issue of deﬁning a unitary spatial
mechanism for vernier.
As mentioned above, the role of chromatic mechanisms in spa-
tial vision, for example in depth perception and texture segmenta-
tion, has been well documented (Shevell & Kingdom, 2008). How
far such spatial chromatic mechanisms share a common substrate
with channels thought to be involved in detection of chromatic dif-
ferences remains unresolved. The critical duration for chromatic
detection tasks is several hundred milliseconds (Swanson et al.,
1987), but for chromatic vernier tasks is much shorter, of the order
of 50–100 ms, similar to luminance vernier tasks (Sun & Lee, 2004).
This might point to a more differentiated set of post-retinal chro-
matic mechanisms than usually supposed.
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